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Apicomplexan parasites exhibit actin-dependent glid-
ing motility that is essential for migration across bio-
logical barriers and host cell invasion. Profilins are
key contributors to actin polymerization, and thepara-
site Toxoplasma gondii possesses a profilin-like pro-
tein that is recognized by Toll-like receptor TLR11 in
the host innate immune system. Here, we show by
conditional disruption of the corresponding gene that
T.gondii profilin, while not required for intracellular
growth, is indispensable for gliding motility, host
cell invasion, active egress from host cells, and viru-
lence in mice. Furthermore, parasites lacking profilin
are unable to induce TLR11-dependent production in
vitro and in vivo of the defensive host cytokine inter-
leukin-12. Thus, profilin is an essential element of
two aspects of T. gondii infection. Like bacterial fla-
gellin, profilin plays a role in motility while serving
as a microbial ligand recognized by the host innate
immune system.
INTRODUCTION
The phylum of Apicomplexa is a unique phylogenetic group of
parasitic microorganisms that include important human and
animal pathogens such as Plasmodium spp, Toxoplasma, Eime-
ria, and Cryptosporidia. These protozoan parasites rely on their
actin cytoskeleton and on at least one myosin motor-driven
movement for motility and host cell invasion. Although the crucial
importance of actin filament dynamics in these parasites has
been demonstrated previously (Dobrowolski and Sibley, 1996;
Wetzel et al., 2003), the mechanisms by which these filaments
are generated and regulated are still unknown. Enigmatically, it
has never been possible to visualize actin filaments in any
apicomplexans under physiological conditions either by electron
microscopy or even by staining with fluorescent derivatives ofthe F-actin binding toxin, phalloidin, even though apicomplexan
actin filaments can bind to phalloidin (Schuler et al., 2005).
The absence of detectable filaments is explained by the fact
that the apicomplexans maintain a large pool of globular actin
and appear to produce only short and unstable filaments. Indeed
these filaments are extremely short (± 100 nm) when generated
in vitro from purified parasite actin (Schmitz et al., 2005) or
from recombinant parasite actin expressed in heterologous
eukaryotic systems (Sahoo et al., 2006; Schuler et al., 2005).
The extreme susceptibility of apicomplexans to actin-polymer-
izing and actin-depolymerizing drugs illustrates the importance
of the machinery governing F-actin dynamics during invasion.
In eukaryotes, the WASP/Arp2/3 complex and the formins are
the two major machineries orchestrating actin nucleation and
polymerization. While none of the Arp2/3 complex components
are found in apicomplexans (Gordon and Sibley, 2005), formins
and profilin (PRF) that mediate rapid processive assembly of fila-
ments are present. Most apicomplexans have two formins and
one protein homologous to profilin (Baum et al., 2006), which
suggests that these proteins could be involved in actin nucleation
and assembly. Additional scrutiny of apicomplexan genomes
revealed the presence of other F-actin regulatory proteins, in-
cluding filament barbed-end capping and G-actin-sequestering
factors (Schuler and Matuschewski, 2006).
The T. gondii profilin-like protein (TgPRF) has recently been
shown to be a potent agonist of the innate immune system
through its recognition by Toll-like receptor 11 (TLR11). This
receptor plays a critical role in the induction of the host protective
cytokine interleukin-12 (Yarovinsky et al., 2005). We report here
the generation of a conditional knockout of TgPRF and its func-
tional complementation with the P. falciparum profilin (PfPRF).
This study formally establishes a requirement for this protein in
host cell invasion and in TLR11 dependent activation of the
innate immune system by T. gondii.
RESULTS
Isolation of a Conditional Null Mutant for Profilin
Host cell invasion by Apicomplexans is critically dependent on
an intact actin cytoskeleton. In consequence, regulators of actinCell Host & Microbe 3, 77–87, February 2008 ª2008 Elsevier Inc. 77
Cell Host & Microbe
Roles of Profilin in Toxoplasma-Host Interactionfilament assembly are expected to be essential for parasite
survival. To investigate the contribution of profilin to actin
polymerization during invasion, we took advantage of the tetra-
cycline transactivator system that selectively and ectopically
controls gene expression in T. gondii. (Meissner et al., 2002).
To generate a conditional KO for T. gondii PRF, we introduced
the TgPRF minigene with an N-terminally positioned c-myc
epitope tag into the TATi-1 tet-transactivator-expressing strain.
This minigene was placed under the control of the tetracycline
regulatable promoter 7tetOSag4 and randomly integrated in
the parasite genome using pyrimethamine selection (Donald
and Roos, 1993).
The recombinant PRFe/PRFi clones expressed the inducible
copy of mycPRF (PRFi) at levels similar to the endogenous
copy (PRFe), and the expression of PRFi was tightly downregu-
lated in presence of 1 mg/ml of anhydrotetracycline (ATc) 72 hr
posttreatment (Figure 1A). Therefore, all the experiments done
in this study with parasites depleted in PRFi were done
after >72 hr of ATc treatment unless otherwise stated. The
PRFe/PRFi strain was used to disrupt the endogenous copy of
TgPRF by allelic replacement using a plasmid containing the
chloramphenicol acetyl transferase gene surrounded by large
50 (2128 bps) and 30 (1972 bps) flanking regions of TgPRF
gene. The resulting mutant strains DPRFe/PRFi were screened
by indirect immunofluorescence assay (IFA) in presence of
ATc, and clones in which no PRF could be detected anymore
where chosen. The KO of PRFe was confirmed by western blot
(Figure 1A), and downregulation of PRFi upon incubation with
ATc during 48 hr was documented by IFA at the level of single
parasites using anti-TgPRF antibodies (Figure 1B).
TgPRF Is Not Required for Parasite Growth
and Replication but Is Necessary
for Gliding, Invasion, and Egress
To survive in laboratory conditions and in the host, T. gondii
tachyzoites must complete several steps in their life cycle includ-
ing gliding and spreading on the surface of the host cell layer,
Figure 1. Generation of the Conditional TgPRF KO
(A) Western blot incubated with a-TgPRF antibodies showing a single
band at 25 KDa representing endogenous PRF in the parental TATi-1
strain (lane a) and endogenous and mycPRFi at 29 KDa in the PRFe/
PRFi strain (lane b). Downregulation of the inducible PRF copy upon addi-
tion of ATc is shown after 24, 48, and 72 hr in PRFe/PRFi (c) and inDPRFe/
PRFi (d). Catalase (60 KDa) was used as a loading control.
(B) Indirect immunofluorescence assay showing the complete disappear-
ance of profilin in the conditional knockout strain DPRFe/PRFi upon treat-
ment with 1 mg/ml of ATc for >48 hr (white arrows point to two different
vacuoles). a-SAG1 antibodies were used to stain parasite periphery.
host cell attachment, invasion, intracellular growth, and
egress. It has previously been shown that gliding, invasion,
and induced egress require the participation of a functional
motility complex called the glideosome, which includes the
actin-based motor T. gondii myosin A (TgMyoA) (Meissner
et al., 2002). The intracellular growth and division processes,
which take place within the parasitophorous vacuole, also
need to be operative for parasite infection and dissemination.
A general defect in any of these steps in parasites lacking
TgPRF can easily be monitored by performing a plaque assay.
Parasites pretreated for 24 hr ± ATc were allowed to invade
a new host cell layer. Five days later, DPRFe/PRFi parasites
grown in presence of the drug were unable to form lysis plaques
(Figure 2A), showing that at least one of the steps in the life cycle
is defective. More detailed analyses were undertaken and re-
vealed quite unexpectedly that depletion in PRF did not affect in-
tracellular growth as measured by scoring the number of para-
sites per vacuole after more than 3 days of ATc treatment
(Figure 2B). The fact that TgPRF did not impair parasite replica-
tion strongly suggested that the crucial role of PRF was linked to
motility and invasion. Indeed, in vitro invasion assays confirmed
that the parasites depleted in TgPRF were drastically impaired in
their ability to enter host cells (Figure 2C), although they were still
able to attach to host cells normally (data not shown). The ab-
sence of a defect in attachment was anticipated, as this process
requires primarily the discharge of adhesins by the micronemes,
an event that is known to be insensitive to cytochalasin D (CD)
treatment (Carruthers and Sibley, 1999). Parasite egress from
the host cells can proceed in two distinct ways. One is caused
by the mechanical rupture of the host cell membrane induced
by the tension exerted by the growing parasite-containing vacu-
ole. This mechanism is referred to as natural egress and is not
dependent on parasite gliding motility (Lavine and Arrizabalaga,
2007). Alternatively, egress can be induced by loss of potassium
from the host cell, resulting in calcium signaling within the para-
site and activation of motility (Moudy et al., 2001). This active
mode of egress is used as escape mechanism by the parasites,
for example, during the induction of death receptor- or perforin-
dependent host cell death (Persson et al., 2007). This latter can
be stimulated in cell culture by artificial increase in intracellular
calcium level. The importance of TgPRF in induced egress was
established by measuring host cell lysis upon stimulation of
egress by addition of the calcium ionophore A23187 (Mondragon
and Frixione, 1996; Stommel et al., 1997). Parasites depleted in
TgPRF did not respond to A23187 treatment and failed to egress
from their vacuole, although lysis of the parasitophorous vacuole
78 Cell Host & Microbe 3, 77–87, February 2008 ª2008 Elsevier Inc.
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vacuolar dense granule protein GRA3 into the cytosol of the
host cells (Figure 2D) The release of GRA3 in the host cell
resulted in a homogenous staining pattern (Figure S1 available
online) that was clearly distinct from the extensions of the PVM
previously reported to protrude into the cytoplasm of the host
(Bermudes et al., 1994). While natural egress occurs by physical
rupture of the host cell membrane and is not dependent on
parasite motility, the induced egress assay established that
parasites depleted in TgPRF were defective in gliding and failed
to leave the host cell and spread to other cells (as confirmed in
the subsequent gliding assay) (Figure 6A).
The Apicomplexan Profilins and the Control
of Actin Polymerization
Due to the quasi-absence of detectable actin filaments in api-
complexans, it is very difficult to directly assess the role of
PRF in actin polymerization in vivo.
Jasplakinolide (JAS) is known to stabilize actin filaments and
was previously shown to induce the formation of acrosome-
like structures at the apical end of T. gondii parasites (Shaw
and Tilney, 1999) and to increase the amount of pelletable,
presumably filamentous actin (Poupel and Tardieux, 1999). At
lower doses, JAS was reported to affect the speed and the direc-
tionality of parasite movement (Wetzel et al., 2003). To assess
whether the effect of JAS on actin polymerization was affected
in parasites depleted in TgPRF, we briefly treated freshly
egressed tachyzoites with increasing amounts of JAS before
analyzing the amount of actin present in the insoluble pellet
fraction. Intriguingly, the absence of PRF did not alter the JAS-
induced formation of F-actin as monitored by western blot
(Figure 3A). Similarly, the formation of acrosomes was still
observed in parasites lacking PRF (Figure 3B). The presence of
TgPRF was detectable in the acrosomes; however, it did not
appear to be a specific enrichment since cytosolic YFP was
also detectable. This experiment revealed that the absence of
PRF did not result in any visible change in the distribution of
actin, and the same observation was made on intracellular para-
sites (Figure S2). Moreover, when parasites were treated with
cytochalasin D (CD) in a similar way, the level of pelletable actin
remained constant in the presence or absence of PRF (Fig-
ure 3C). This rather unexpected result indicated either that the
pelleted actin does not correspond to filaments or that these
filaments are resistant to CD treatment.
Alternative approaches to determine PRF function in actin
polymerization rely on functional complementation in yeast or
in vitro biochemical assays. The apicomplexan profilins are fairly
distantly related to the profilins of the other eukaryotic lineages
(Figure S3A), and not surprisingly, TgPRF failed to complement
the profilin conditional knockout in Saccaromyces cerevisiae
(data not shown). This raised the question of whether the para-
site profilins exhibit biochemical properties characteristic of
other profilins, i.e., whether their complex with G-actin partici-
pates specifically in filament barbed-end assembly.
Profilins are known to enhance actin-based motile processes
mediated by Arp2/3 or formins, due to the ability of profilin-actin
complexes to participate in filament-end assembly (Evangelista
et al., 2003). The effects of recombinant TgPRF, histidine-tagged
Figure 2. Phenotypic Characterization of the Conditional
TgPRF KO
(A) Plaque assay showing host cell layer infected with the indicated
strains for 5 days ± ATc, stained with Giemsa.
(B) Intracellular growth of PRFe/PRFi and DPRFe/PRFi grown
>72 hr ± ATc. Parasites per vacuole (x axis) were counted 24 hr
after inoculation of host cells. The parasites of at least 50 vacuoles
were counted for each condition, and the results are representa-
tive of three independent experiments. IFA (a-SAG1) showing
a representative vacuole of each kind is shown on top of the graph.
(C) Attachment/invasion assay showing the reduction of invasion
by DPRFe/PRFi parasites grown in presence of ATc compared
with the parental TATi-1 strain and the PRFe/PRFi control strain.
The y axis represents the percent of intracellular parasites versus
total parasites (attached to host cells and intracellular). More than
100 parasites were counted for each strain, and the percent of par-
asites found inside a host cell is represented. The data shown are
mean values from three independent experiments. Panels at the
right of the graph represent typical microscope fields from the
double IFA experiments performed in the DPRFe/PRFi strain.
SAG1 antibody reveals only the extracellular parasites that were
unable to invade, whereas MLC1 reveals intracellular and extracel-
lular parasites. The white arrows point to one of the rare DPRFe/
PRFi parasites that were able to invade a host cell. This parasite
is, therefore, not stained with a-SAG1.
(D) Ionophore-induced egress assay. DPRFe/PRFi parasites
grown in presence of ATc are unable to egress when stimulated
with A23187. Double IFA using a-MLC1 and a-GRA3 was per-
formed to show the state of the parasitophorous vacuole. The
white arrow points to GRA3 protein diffused in the host cytosol.
In the same experiment, double IFA using a-PRF and a-SAG1
was performed to verify the downregulation of PRFi.
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Cryptosporidium parvum PRF (His-CpPRF) purified from E. coli
(Figure 4A) were assayed for filament growth at barbed and
pointed ends, as well as for steady-state levels of actin assembly
with free and gelsolin-capped barbed ends (Figures 4B and 4C).
Given that apicomplexan actins only generate very short and
unstable filaments, we used heterologous skeletal muscle actin
for the in vitro polymerization assays. Profilin-actin complexes
did not support filament assembly at pointed ends when the fila-
ments were gelsolin-capped but productively assembled at free
barbed ends, supporting a role for apicomplexan profilin in motil-
ity and gliding. At steady state, all profilins depolymerized barbed
end-capped filaments by sequestering G-actin, while they stabi-
lized filaments when barbed ends were free. Quantitative analysis
of the data (see Experimental Procedures) yielded equilibrium
dissociation constant values for the complex of muscle actin
with the parasite profilins ranging from 5–25 mM, one order of
magnitude higher than for vertebrate profilin (Table S1). Neverthe-
less, it is conceivable that the affinity of parasite profilin for para-
site actin is higher. Based on this analysis, we propose that the
main canonical functional features of profilin are conserved in
apicomplexans. Moreover, the recombinant TgPRF used in the
assays is able to bind efficiently to TgACT in pull-down experi-
ments (Figure S4). Together, these data strongly suggest that
the apicomplexan PRFs display true profilin function.
The Dual Functions of TgPRF in Invasion and TLR11
Stimulation Can Be Dissected by Reverse Genetics
Purified TgPRF has recently been shown to be a major agonist
of TLR11 resulting in potent stimulation of IL-12 production by
Figure 3. Effect of Profilin Depletion on Pelletable Actin
(A) Increasing amounts of F-actin were found in the pellet of parasites
grown ± ATc and incubated with increasing amounts of JAS for 10 min
at 37C before extraction. The different forms of profilin are detected
with a-TgPRF, which only weakly recognizes PfPRF. GRA3 was used as
loading control.
(B) Indirect IFA of extracellular DPRFe/PRFi parasites grown ± ATc.
Massive redistribution of actin at the posterior pole (white arrow) and the
acrosome-like structure (blue arrows) is induced by JAS treatment inde-
pendently of the presence of profilin. The panels at the right of the figure
show the same experiment in the RH hxgprt (WT) strain constitutively
expressing YFP. Parasites were treated as in (A), allowed to settle on
Poly-L-lysin coated slides, and fixed for IFA.
(C) PRFe/PRFi and DPRFe/PRFi parasites grown ± ATc were treated with
CD for the indicated time at 37C before extraction. GRA3 was used as
loading control.
dendritic cells (DC) in vitro and activation of innate immune
responses in mice (Yarovinsky et al., 2005). In contrast,
PfPRF triggered much lower levels of IL-12 from DC even
though the two proteins show 80% similarity in primary
amino acid sequence (Figure S3B) and share functional
and biochemical characteristics. This allowed us to use
a strategy of functional complementation of the DPRFe/
PRFi to dissect the dual functions of TgPRF in invasion
and motility, on one hand, and in the activation of the
immune system, on the other hand. A second constitutive
copy of T. gondii PRF (TgPRFc) or P. falciparum PRF
(PfPRFc) was introduced in DPRFe/PRFi using ATc as the
only selection pressure, which resulted in depletion of PRFi
and complete abolition of invasion unless a second functional
copy of PRF was stably integrated. Most likely due to the very
AT-rich nature of the Plasmodium genome, the original cDNA
sequence of PfPRF did not result in expression at any detect-
able levels in T. gondii. To circumvent this problem, the codon
usage for PfPRF was remodeled to fit with the GC-rich content
found in T. gondii and produced synthetically (Figure S5). This
synthetic gene was faithfully expressed in the parasites
(Figure 5A). To confirm that functional complementation was
indeed achieved with both constructs, we verified that PRFi
was still regulatable in DPRFe/PRFi/TgPRFc and DPRFe/PRFi/
PfPRFc strains (Figure 5B). To determine if PfPRF was able to
fully compensate for the defect in motility and invasion exhibited
by the DPRFe/PRFi strain, plaque assays were performed in the
absence of ATc or in the presence of ATc to deplete PRFi. The
results confirmed that the two complemented strains reproduc-
ibly formed plaques of similar size (Figure 5C). We then dis-
sected the complementation in further detail and compared
the ability of the four different strains to accomplish the three
forms of gliding (helical, circular, and twirling movements).
This was documented by the formation of trails deposited by
moving parasites on coated coverslips. No significant difference
in wide arcing and straight trails formation was observed be-
tween the strains with the exception of DPRFe/PRFi in the pres-
ence of ATc, which showed no detectable trails (Figure 6A).
Comparable results were obtained in egress assays where
only DPRFe/PRFi treated with ATc failed to respond to
A23187 (Figure 6B). Finally, the replacement of TgPRF by PfPRF
did not alter invasion (Figure 6C).
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vasion defect by PfPRF, we could next confidently investigate the
effect of TgPRF depletion on activation of the innate immune sys-
tem in vitro and in vivo. The four parasite strains were pretreated
Figure 4. In Vitro Actin Polymerization Assays
(A) Purified recombinant profilins used for the assays (stained with coomasie
blue). Lane 1, TgPRF; lane 2, HisCpPRF; and lane 3, HisPfPRF.
(B) The rates of barbed end growth (red dots) and pointed end growth (blue
squares) were measured at 2 mM G-actin in the absence (V0) and in the
presence (V) of apicomplexan profilins. Note that at saturation of G-actin by
profilin, pointed end growth is totally inhibited while barbed end assembly
from profilin-actin occurs. The curves (continuous lines) are calculated accord-
ing to Equation 3 (Experimental Procedures) using the values of Kp and k+
given in Table S1, except for PfPRF, which develops partial inhibition of
barbed-end growth with a higher affinity than at pointed end (Kp = 4 mM
instead of 26 mM) maybe due to a barbed-end capping effect. The dashed
curves represent the effect of bovine profilin (Kp = 0.1 mM) on barbed-end
(red) and pointed-end (blue) elongation (from Gutsche-Perelroizen et al., 1999).
(C) Effects of apicomplexan profilins on F-actin assembly at steady state with
free barbed ends (red dots) and gelsolin-capped barbed ends (blue squares).
Note that all profilins maintain the stability of filaments at barbed ends, while
they cause depolymerization at pointed ends by sequestration of G-actin.
The values of Kp (Table S1) were derived from the slope of the linear decrease
in F-actin (Equation 4 in methods). The dashed curves represent the effect of
bovine profilin (Kp = 0.1 mM) on F-actin assembly at steady state with free (red)
and gelsolin-capped (blue) barbed ends (from Perelroizen et al., 1996).with ATc for 3 days and then cocultivated with splenic DC. After
further incubation for 16 hrs, IL-12p40 was measured in superna-
tants by ELISA (Figure 7A). TheDTgPRFe/TgPRFi andDTgPRFe/
TgPRFi/PfPRFc strains depleted in TgPRF by ATc treatment
completely lost their ability to induce DC IL-12 production. This
loss in activity mirrored that seen when TgPRF-expressing strains
were used to stimulate TLR11 and MyD88-deficient DC, which
are unable to signal through TLR11 and secrete IL-12 (Figure 7A
and data not shown). To formally confirm the hypothesis that
depletion of TgPRF in the parasite prevents TLR11 activation,
we assayed the ability of the ATc-treated parasites to trigger
TLR11 transfected reporter cells. Depletion of TgPRF completely
abolished TLR11 activation in response to the live parasites
(Figure S7). Importantly, when the complemented DTgPRFe/
TgPRFi/PfPRFc strain was tested in the same assays, it failed
to stimulate both DC IL-12 production and TLR11 reporter activ-
ity. Since PfPRF complementation restored the defects in para-
site motility and invasion (Figure 5C and Figure 6), these results
unambiguously establish that TgPRF is essential for TLR11 acti-
vation in vitro by live tachyzoites while PfPRF lacks this activity.
To examine the effect of TgPRF depletion on the immune
response to the parasite in vivo, different numbers of ATc treated
parasites were injected into WT animals and serum cytokine
responses analyzed 6 hr later. We found that as few as 104 par-
asites were sufficient for the induction of detectable IL-12
responses in WT (Figure 7B), while no cytokine production was
stimulated by the same inocula in TLR11/ or MyD88/
mice (data not shown). Importantly, when as many as 106 TgPRF
depleted parasites were injected into wild-type animals, no sig-
nificant IL-12 responses were observed (Figure 7B). TgPRF is
a cytosolic protein, lacking a signal peptide and apparently not
actively secreted by the parasites, which is also the case for actin
and catalase, two other cytosolic proteins. Nevertheless, TgPRF,
as well as these additional molecules, were detected in the
medium following parasite incubation. (Figure S6A). Therefore,
we hypothesize that spontaneous parasite lysis releases suffi-
cient amounts of TgPRF to account for TLR-11 stimulation.
Consistent with this hypothesis, soluble extracts of TgPRF
tachyzoites were found to be deficient in the IL-12-inducing
activity seen in equivalent preparations of TgPRF+ parasites
(Figure S6B) and demonstrated by us in similar T. gondii extracts
in previous studies (e.g., Reis e Sousa et al., 1997; Yarovinsky
et al., 2005).
TgPRF Is Essential for Parasite Virulence In Vivo
The inducible knockout system described here allowed us to
address whether TgPRF plays a role in parasite infection in vivo.
To do so, mice were infected with 105 tachyzoites of the mutant
parasite strains and TgPRF depletion was achieved by supple-
mentation of the drinking water with ATc (Meissner et al.,
2002). All infected mice without ATc treatment succumbed
within 5–15 days postinfection, a mortality kinetics similar to
that observed in mice receiving the parental TATi-1 strain. In
contrast, depletion of TgPRF in the DTgPRFe/TgPRFi strain re-
sulted in 100% survival of the animals infected with the parasite
(Figure 7C). Consistent with the in vitro infectivity data, comple-
mentation with PfPRF in the DTgPRFe/TgPRFi/PfPRFc strain
restored the virulence of these parasites, resulting in high host
lethality as observed with the parental strains. Thus, TgPRF isCell Host & Microbe 3, 77–87, February 2008 ª2008 Elsevier Inc. 81
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and PfPRF can substitute for these functions. Since host cell
invasion is not required for tachyzoite stimulation of TLR-11
dependent IL-12 production (F.Y., unpublished data), it is
unlikely that the failure of TgPRF depleted parasites to induce
the cytokine in vivo is the result of their loss in infectivity.
DISCUSSION
Despite their central role in apicomplexan motility, parasite actin
filaments are practically undetectable. The bulk of actin is mono-
meric, and the filaments are very short, features that are consis-
tent with a highly dynamic behavior of the actin cytoskeleton. Our
results establish that TgPRF plays a critical role in actin polymer-
ization during invasion but, rather unexpectedly, appears
dispensable for the intracellular growth and replication of the par-
asite. This observation agrees well with previous reports of the
restricted effect of CD on parasite division (Shaw et al., 2000).
Given that T. gondii has a large repertoire of 11 myosin motors
(Foth et al., 2006), it is likely that other biological processes
beside cell motility will crucially depend on actin filaments. Sev-
eral actin-like proteins and actin-related proteins are present in
this parasite (Gordon and Sibley, 2005) and could, therefore,
be responsible for the generation of different types of actin fila-
ments. One possibility is that T. gondii tachyzoites produce short
and highly dynamic filaments uniquely dedicated to motility, cy-
Figure 5. Generation of the PRF Complemented Strains
(A) Indirect IFA showing the expression and localization of TyTgPRF and
TyPfPRF in the two complemented strains. a-Ty and a-GAP45 (gliding as-
sociated protein 45) antibodies were used.
(B) Western blot showing the two complemented strains grown ± ATc.
The blot incubated with a-myc was also incubated with a-ACT as loading
control.
(C) Plaque assay showing host cell layer infected with the indicated strains
for 5 days ± ATc, stained with Giemsa.
tochalasin D sensitive, and dependent on profilin, while other
actin-like proteins-based structures could be implicated in
different processes that involve distinct regulators.
We have shown that TgPRF plays an essential role in acto-
myosin-based apicomplexan motility (Table S2). Despite the
large distance between apicomplexan profilins and profilins
from other eukaryotic lineages, TgPRF, CpPRF, and PfPRF
harbor the same function, i.e., they promote actin assembly
at barbed ends specifically (Pantaloni and Carlier, 1993).
Since formins are the only obvious nucleating factors present
in apicomplexan genomes, PRFs could contribute actively to
the control of actin filament elongation via its binding to the
FH1 domain of formins and accelerating actin monomer
association to the growing filaments (Romero et al., 2004;
Kovar et al., 2006). Indeed, T. gondii possesses three genes
coding for formin homology domain proteins, among which
two are strictly conserved throughout the apicomplexans.
These two genes are located on a quantitative trait loci of
the chromosome VIIa that controls the virulence of the type
I lineage by mediating enhanced migration and transmigra-
tion (Taylor et al., 2006). The apicomplexan formins are giant
proteins harboring unique features and lacking the regulatory
domain found in the formins of other eukaryotes. Their role in in-
vasion and their mode of regulation awaits further investigation.
Our findings also demonstrate that, in addition to its crucial
role in actin polymerization, host cell invasion, and in vivo infec-
tion, TgPRF is required for TLR11-dependent activation of the
host innate immune response by the parasite (Table S2). This
observation is consistent with the original hypothesis of Janeway
(Medzhitov and Janeway, 2002) that TLR recognition is directed
against microbial ligands with highly conserved physiological
functions. Bacterial flagellin, the major ligand for TLR5, (Smith
et al., 2003) is also required for pathogen motility like profilin,
and it is of considerable interest that at least 2 of the 12 receptors
in the TLR system can now be described as recognizing proteins
important for pathogen movement. Nevertheless, as indicated
by the PfPRF complementation studies, profilin-dependent par-
asite motility and TLR recognition are, in certain settings, disso-
ciable processes, perhaps due to differences in selection pres-
sure on the two functions of the protein.
EXPERIMENTAL PROCEDURES
Preparation of T. gondii Genomic DNA and RNA and Amplification
Genomic DNA has been prepared using the Promega Wizard SV genomic
DNA purification system (A2360). RNA has been prepared either using the
QIAGEN RNeasy kit (74104) or using the Invitrogen Trizol reagent (15596-
026). PCR has been performed according to manufacturer’s instruction either
using the Takara LA Taq (RR002A) or the Sigma AccuTaq LA DNA polymerase
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either using the Titan one tube RT-PCR system (1888382) or the QIAGEN
Omniscript RT kit (205 111) followed by PCR with the Takara RNA LA PCR
kit (RR012A).
Generation of Synthetic Gene
PfPRF synthetic gene was designed according the amino acid codon usage of
T. gondii based on Toxo genome DB. The synthetic gene was generated by
Geneart GmbH and cloned into pPCRscript vector.
T. gondii Vectors
pT8MycTgPRF
TgPRF sequence has been amplified by RT-PCR with primers 1171/1172 and
cloned into pTub8mycGFP vector (Meissner et al., 2002) between NsiI and PacI
restriction sites. pTetO7Sag4mycTgPRF:(Meissner et al., 2002) MycTgPRF
fragment was cut out of pT8mycTgPRF vector using EcoRI and PacI restric-
tions sites and subcloned into the same restriction sites of pTetO7Sag4 vector
p2854-DHFR (Roos et al., 1994).
pTub5CAT-5030TgPRF
The 50 flanking region of TgPRF has been amplified by PCR with primers 1413/
1414 and cloned between KpnI and HindIII restriction sites of pTub5CAT
(Meissner et al., 2002) vector. The 30 flanking region has been amplified with
primers 1415/1416 and cloned into the NotI site.
p30/11TyTgPRF
TyTgPRF was generated by PCR using primers 1577/1172 and using
pT8mycTgPRF as template. Primer 1577 contains the Ty tag. The PCR frag-
Figure 6. Phenotypes of the Complemented Parasite Strains
(A) Induced gliding assay on parasites grown ± ATc for >72 hr, treated with
ionomycin, and allowed to glide on Poly-L-proline coated slides before
fixation. Trails from circular gliding (yellow arrowhead) and helical gliding
(white arrowhead) were revealed with a-SAG1 antibody.
(B) Induced egress experiment. The percent of vacuoles from which
parasites egressed after stimulation with the calcium ionophore A23187
is represented on the y axis. Egress is stimulated 30–36 hr after host
cell infection with parasites treated >72 hr with ATc. More than 50 vacu-
oles were counted for each experiment, and the results are representative
of three independent experiments.
(C) Attachment/invasion experiments. The percent of intracellular para-
sites versus total parasites (attached to host cells and intracellular) is rep-
resented on the y axis. More than 100 parasites were counted for each
strain, and the percent of parasites found inside a host cell is represented.
The data shown are mean values from three independent experiments.
ment was digested with SbfI and PacI and cloned into p30/11 (Hettmann
et al., 2000) vector between NsiI and PacI restriction sites.
p30/11TyPfPRF-synthetic
PfPRFsynthetic sequence was cut out of pPCRscript vector using NsiI
and PacI restriction sites, and subcloned into the same restriction sites
of P30/11TyTgPRF vector.
E. coli Vectors
pET3aTgPRF
TgPRF sequence has been amplified by RT-PCR with primers 1173/1174
and cloned into pET3a vector between BamHI and SacI sites.
pGEX4T1TgPRF Vector for the Generation of Antibodies
TgPRF fragment was cut out of pET3aTgPRFmycHis vector using BamHI
and cloned into the BamHI site of pGex4T1 vector (Amersham Bioscience
27-4580-01).
pGEX6P1TgPRF Vector for the Generation of Biochemistry
TgPRF sequence was amplified by PCR using pT8mycTgPRF as tem-
plate, with primers 1173/1615. The PCR fragment was digested and cloned
into the BamHI site of pGex6P1 vector (Amersham Bioscience 27-
4597-01).
pTopoHisCpPRF Vector for the Generation of Biochemistry
CpPRF sequence was amplified by PCR using primers 1654/1655 from a geno-
mic DNA library in LambdaZap phage (Biotechnology General). The sequence
was cloned into pTrcHisTopo vector (Invitrogen 45-0063).
pTopoHisPfPRF Vector for the Generation of Antibodies
and Biochemistry
PfPRF sequence was amplified by RT-PCR using primers 1561/1562 and
cloned into the pTrcHisTopo vector (Invitrogen 45-0063).
Primers
The following primers were used: 1171, 50-GGCATGCATTCCGACTGGGACC
CTGTTGTCAAGG-30; 1172, 50-CCGTTAATTAATACCCAGACTGGTGAAGATA
CTCG-30; 1173, 50-CCGGGATCCGACTGGGACCCTGTTGTCAAGG-30; 1174,
50-GGCGAGCTCTTAGTACCCAGACTGGTGAAGATACTCG-30; 1413, 50-CCG
AAGCTTGGTACCCGGAACTCGCAGAAACAGGTC-30; 1414, 50-GGCCAAGC
TTGGAAAAGAATGGAAACAAGCCG-30; 1415, 50-CTCACAAAAGCGTAGGTG
GTACGC-30; 1416, 50-CCGTGCGGCCGCGCAATGCATGCGGGC-30; 1561,
50-ATGGCAGAAGAATATTCATGGGACAGTTATTTAAATG-30; 1562, 50-CTATT
GACTGCTTTCAGCTAGCTCTTTTGC-30; 1577, 50-CCGCCTGCAGGCAGAGG
TCCATACTAACCAGGACCCACTTGACATGCATTCCGACTGGGACCCTGTT
GTC-30; 1615, 50-GGCGGATCCTTAGTACCCAGACTGGTGAAGATACTCG-
30; 1654, 50-ATGCATTCTGAATGGGATGATATGGTCAAAGAATGG-30; and
1655, 50-CTGCAGTTAGTATCCCTGAGATACGAGGTACTCG-30.
Generation of Transgenic T. gondii Strain
TgPRFe/TgPRFi
TATi-1 parasites (Meissner et al., 2002) have been cotransformed with
100 mg pTetO7Sag4MycTgPRF vector (linearized with BamHI) and 25 mg
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resistant parasites.
DTgPRFe/TgPRFi
TgPRFe/TgPRFi parasites have been transformed with 40 mg pTub5CAT-50-30
TgPRF (KpnI/SacI fragment). 20 mM of chloramphenicol have been added to
the culture medium to select for resistant parasites.
DTgPRFe/TgPRFi/Tg, PfPRFc
Host cells were heavily infected with DTgPRFe/TgPRFi parasites. After 24 hr,
ATc was added to the culture medium. Freshly egressed parasites were
harvested and transformed with 50 mg of p30/11TyTgPRF or p30/11TyPfPRF
synthetic plasmid DNA and linearized with BamHI. REMI was stimulated
with 100 Units of BamHI enzyme. Parasites were then grown several days in
presence of ATc, and the presence of TyTgPRF or TyPfPRF was checked in
survivors by IFA.
Protein Purification
His-tagged proteins were purified using either the QIAGEN Ni-NTA superflow
resin (30410) in native or denaturing conditions according to the QIAGEN
protein purification handbook or using an Amersham prepacked HiTrap Che-
lating HP column (17-0409-01) according to the manufacturer’s instructions.
GST-tagged proteins were purified using the Amersham Glutation sepharose
4 Fast flow (17-5132-01) in Amersham 10/20 Tricorn column (18-1163-13)
according to the Amersham Bioscience GST gene fusion system handbook
for native conditions. GST-TgPRF was cleaved using the Prescission protease
(Amersham, 27-0843-01).
Antibodies
The recombinant GST-TgPRF, HisPfPRF, and GST-GAP45-his proteins were
purified from E. coli and used as antigens to raise polyclonal antibodies in rab-
bits. This was done according to standard protocol by Eurogentec company.
The a-catalase (CAT) was previously described (Ding et al., 2000). a-MLC1,
a-ACT, and a-Ty tag BB2 were previously used in (Herm-Gotz et al., 2002).
The mAb 9E10 was used to detect the myc tag. Secondary a-rabbit (Molecular
Probes G21234) and a-mouse (Molecular Probes G21040) antibodies coupled
to HRP were used to detect proteins on western blots. Appropriate secondary
antibodies from Molecular Probes (Alexa Fluor) were used for IFA.
Database Mining, Protein Alignments, and Generation
of the Phylogenetic Tree
Sequences of apicomplexan profilins were found on the ApiDB.com website.
Other profilin sequences were found using the NCBI Blast tool. Alignments
were performed with Clustal, and the phylogenetic tree was generated
(5003 Neighbor Joining) in Phylip.
Immunofluorescence Assay
HFF cells infected with parasites were fixed with 4% paraformaldehyde (PFA)
or 4% PFA/0.05% glutaraldehyde (PFA/GA) in PBS depending on the antigen
to be labeled, then processed like previously described (Hettmann et al.,
2000).
Plaque Assay
Twenty-four hours before egress, ± 1 mg/ml ATc was added to the culture me-
dium. A new host cell layer was infected with parasites ± ATc for 5 days before
the cells were fixed PFA/GA. The host cell layer was then stained for 10 min at
RT with Giemsa (Sigma-Aldrich GS500) and diluted 1:5 in dH2O. Host cells
were washed with water and mounted in Fluoromount G (Southern Biotech
0100-01). Plaques were visualized under the microscope (2.53 objective).
Intracellular Growth Assay
Parasites were grown for 72 hr ± ATc. New host cells were inoculated with
freshly egressed parasites ± ATc and incubated for 2 hr before washing of
the host cells. For the DPRFe/PRFi strain + ATc, the amount of parasites
used to reinfect host cells was at least five times more than for the other
strains. Parasites were allowed to grow for 24 hr before fixation with PFA/
GA. Double immunofluorescence assays (IFA) (a-SAG1 antibody without per-
meabilization and a-MLC1 antibody after permeabilization) were performed to
allow the distinction between intracellular and extracellular parasites. The par-
asites of at least 50 vacuoles were counted for each condition, and the results
are representative of three independent experiments. IFA with a -PRF was also
done in the same experiments to confirm that there is no profilin left in the
DPRFe/PRFi grown in presence of ATc.
Figure 7. Requirement for TgPRF in TLR11-Dependent
Activation of the Innate Immune System by T.gondii and for
Virulence In Vivo
(A) Induction of DC cytokine responses by parental and KO parasite
strains. Parental and KO parasites were grown for 3 to 4 days ± ATc, har-
vested, and incubated with splenic DC (purified on anti-CD11c- magnetic
beads) at a 1:1 ratio for 16–18 hr. IL-12p40 in culture supernatants was
then measured by ELISA as described previously (Yarovinsky et al.,
2005). The experiments shown in the left hand panel employed DC from
wild-type and the right panel hand WT as well as mice deficient in
TLR11 and the TLR adaptor molecule MyD88.
(B) Induction of IL-12 responses in vivo by the same parasite strains. Par-
asites were cultured for 72 hr ± ATc, harvested and washed in PBS. The
indicated numbers of tachyzoites were injected i.p. and 6 hr later
IL-12p40 production was measured in the sera of the infected mice.
When similar experiments were performed using TLR11/ or MyD88/
mice (data not shown), the amount of secreted IL-12 was below the
detection limit (50 pg/ml).
(C) Survival of mice inoculated with parental versus KO parasite strains.
BALB/c mice (5 mice/group) were injected i.p. with 105 tachyzoites of
the indicated strains and where indicated the animals were given ATc
(0.2 mg/ml) in the drinking water. Cumulative survival of the mice was
then monitored. The experiments shown are representative of at least
three performed.
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Freshly egressed tachyzoites treated ± 1 mg/ml ATc for 72 hr were allowed to
invade a new host cell layer for 60 min before the cells were fixed. For the
DPRFe/PRFi strain + ATc, the amount of parasites used to reinfect host cells
was at least five times more than for the other strains. IFAs were performed first
without permeabilization with the a-SAG1 antibody to localize parasites that
were attached to the host cells. Then, IFA with permeabilization was per-
formed using the rabbit polyclonal a-MLC1 antibody to visualize parasites
that were inside the host cells. More than 100 parasites were counted for
each strain and the percent of parasites found inside a host cell is represented.
The data shown are mean values from three independent experiments.
Egress Assay
Parasites were grown for one cycle (48 hr) ± ATc. Freshly egressed tachyzoites
were filtered (Millipore 3 micron filter) and new host cells were inoculated. After
30–36 hr of intracellular growth, most parasitophorous vacuoles contain 16–32
parasites. Host cells were incubated for 8 min at 37C with DMEM containing
0.06% of DMSO or 3 mM of the Ca2+ ionophore A23187 (from Streptomyces
chartreusensis, Calbiochem 100105). Host cells were fixed with PAF/GA,
and IFAs were performed.
Induced Gliding Assay
Parasites were grown for 72 hr ± Atc. Freshly egressed tachyzoites were fil-
tered, pelleted, and resuspended in Calcium-Saline containing 1mM of iono-
mycin. The suspension (100 ml) was deposited on coverslips previously coated
with Poly-L-Lysine (1 mg/ml, 2 hr at RT). Parasites were fixed with PAF/GA and
IFA using the a-SAG1 antibody was performed to visualize the trails.
F-Actin Stabilization and Destabilization Experiments
The procedure was modified from (Poupel and Tardieux, 1999). Freshly
egressed parasites were harvested and resuspended in buffer A (60 mM
PIPES, 25 MM HEPES pH7.5, 10 mM EDTA, 2 mM MgCl2, 125 mM KCl)
containing different amounts of Jasplakinolide (molecular probes J7473),
Cytochalasin D (Sigma C8273), or DMSO. Parasites were incubated for the
indicated time at 37C in a water bath. After centrifugation, parasite pellets
were resuspended in buffer B (buffer A complemented with protease inhibitors
Roche complete tablets 1697498, 10% glycerol and 1% Triton X-100). The
suspensions were left on ice for 1 hr and centrifuged at 13000 rpm for 30 min
at 4C. Pellets were washed once with buffer B, resuspended in SDS protein
loading buffer, and boiled.
Pull-Down Experiment
Freshly egressed WT parasites (2 to 53 108) for each condition were harvested
and resuspended in PBS containing 0.5 mM ATP and protease inhibitors. Ten
successive rounds of freeze/thaw in liquid N2 were performed to break the
cells. Ultracentrifugation at 30,000 3 g was performed, and the supernatant
was incubated o/n at 4C with 0.5 mg of the bait protein (GST or GST-TgPRF)
and 100 mg of Glutathion sepharose beads (Amersham 17-5132-01). Beads
were centrifuged, and an aliquot of the supernatant was taken (flow through).
Beads were washed three times with PBS (aliquots of each were taken),
resuspended in SDS protein loading buffer, and boiled.
Filament Barbed-End and Pointed-End Growth Assays
Actin polymerization was monitored by the increase in pyrenyl-actin fluores-
cence using a Safas Xenius spectrofluorimeter. Barbed-end and pointed-
end growth rates were assayed using spectrin-actin seeds and gelsolin-actin
(GA2) complexes, respectively, added to a solution of 2 mM G-actin (2%
pyrenyl-labeled) and profilin. The initial rate of growth V was expressed as
a function of G-actin (A) and profilin-actin (PA) concentrations, as follows.
For Barbed-End Growth
n= ½F3 kA+ 3 ½A+ kPA+ 3 ½PA

(1)
With ½Ao= ½A+ ½PA
½PA= 1=23 ð½Po+ ½Ao+KPA  ðð½Po+ ½Ao+KPAÞ243Ao3PoÞ0:5Þ (2)Ck+
A and k+
PA are the barbed end association rate constants of A and PA re-
spectively. The contribution of the off rates was neglected in Equation (1)
because measurements were carried out at actin concentrations (2 mM actin)
well above the critical concentration (0.1 mM). The change in rate was analyzed
as follows:
n=no = 1 

kA+  kPA+

kA+ 3 ð½Po+ ½Ao+KPA
 ðð½Po+ ½Ao+KPAÞ243Ao3PoÞ0:5Þ=23Ao ð3Þ
The values of k+
A and k+
PA and Kp were obtained by adjustment of the
calculated V/V0 to experimental data.
For Pointed-End Growth
The value of CcP (0.6 mM) was taken into account, and the following equation
was used:
n= k+ ,½F3 ð½Ao  ½PA  ½CcÞ (4)
where Cc is the critical concentration, k
A/k+
A. Data were fitted using Equation
(5) as follows.
n=no = 1  ð½Po+ ½Ao+KPA  ðð½Po+ ½Ao+KPAÞ2
 4 3Ao3PoÞ0:5Þ=ð23 ðAo  CcÞÞ ð5Þ
Steady-State Measurements of F-Actin Assembly
Samples containing F-actin (1.5 or 2.2 mM, 2% pyrenyl-labeled) and profilin at
different concentrations in the absence or presence of gelsolin were incubated
overnight at 4C and re-equilibrated at room temperature for 1 hr, and fluores-
cence was measured in a Spex Fluorolog 2 spectrofluorimeter. Fluorescence
intensities were converted into mM F-actin using a critical concentration plot as
a standard. The linear decrease in fluorescence reflects the formation of
profilin-actin complex (PA) at equilibrium with F-actin, free profiling, and
G-actin at the critical concentration (Ac). The value of Kp was derived from
Equation (6) as follows.
PA =Po3Ac=ðAc+KpÞ (6)
Dendritic Cell Cytokine Response Assays
Splenic DC from WT, TLR11/, and MyD88/ mice were purified on anti-
CD11c magnetic beads (Miltenyi Biotec) according to the manufacturer’s
instructions. The isolated DC were incubated with the indicated T. gondii
strains at 1:1 ratio for 16–18 hr and IL-12p40 in culture supernatants was
then measured by ELISA (Yarovinsky et al., 2005). The TLR 11/ and
MyD88/ mouse were originally derived and provided by Drs. S. Gosh
(Yale University) and S. Akira (Osaka University), respectively.
NF-kB Luciferase Assays
HEK293 cells were transiently transfected with TLR11 expression constructs
as previously described (Yarovinsky et al., 2005; No. 279). Twenty-four hours
after transfection, cells were stimulated with live tachyzoites or recombinant
TgPRF (1 ug/ml), and luciferase activity was measured using the Dual-Lucifer-
ase Reporter Assay System (Promega), according to the manufacturer’s
instructions.
Murine Infection Studies
To assess cytokine induction and parasite virulence in vivo, groups of 5 female
BALB/c mice were infected intraperitoneally with tachyzoites of the indicated
strains with or without supplementation of the drinking water with 0.2 mg/ml of
ATc. Animals were bled at 6 hr to measure serum IL-12p40 production in one
set of experiments, and in another, cumulative survival of the mice in the differ-
ent groups was determined.
Constitutive Protein Release Experiments
Freshly egressed parasites (0.5 to 1 3 108) were harvested, resuspended in
750 ml DMEM + 10 mM HEPES +0.2% sodium bicarbonate, dispatched into
3 aliquots, and incubated for the indicated time at 37C in a waterbath. Para-
sites were centrifuged at 2,500 3 g for 10 min, and 150 ml of the supernatantsell Host & Microbe 3, 77–87, February 2008 ª2008 Elsevier Inc. 85
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to 100 ml of the supernatants before samples were boiled.
Supplemental Data
The Supplemental Data include seven supplemental figures and two supple-
mental tables and can be found with this article online at http://www.
cellhostandmicrobe.com/cgi/content/full/3/2/77/DC1/.
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